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Abstract: China’s urbanization has entered a mid-to-late phase, and is characterized by high-density urban engineering projects 
that form systems coupled to geotechnical environments. These systems exhibit significant vulnerability due to strong spatiotemporal 
coupling, which hampers sustainable urban development. Traditional approaches to urban engineering design, construction, and 
maintenance tend to focus on individual projects and lack the ability to comprehensively evaluate system-level sustainability. 
Thus, with current methods, it is difficult to optimize the renewal and operation of high-density urban engineering systems. In 
this study, the constituent elements and key features of high-density urban engineering systems are discussed, and urban 
engineering system sustainability evaluation indicators are comprehensively reviewed. Viewed from perspectives of resilience, 
low-carbon development, and ecological impact, 66 performance indicators describing urban engineering systems are selected. 
The decision-making trial and evaluation laboratory (DEMATEL)-based analytic network process (DANP) method and the 
entropy weight method (EWM) are utilized to calculate these indicators’ subjective and objective weights, respectively. Furthermore, 
the coupling relationships between evaluation indicators are explored, aiding the construction of an urban engineering sustainability 
evaluation index system. Finally, empirical analysis is conducted across six megacities in China (Tianjin, Hangzhou, Shanghai, 
Wuhan, Chongqing, and Shenzhen) to validate the effectiveness of the evaluation indicators. The findings reveal significant 
imbalances in the sustainability of urban engineering systems in China. Accordingly, potential strategies and indicators for 
targeted enhancement of these systems are discussed.
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1 Introduction 

By the end of 2022, China’s urbanization rate had 
reached 65.2%, signaling a transition to the mid-to-late 
urbanization stage. Meanwhile, the population density 
of Chinese megacities significantly exceeds the global 
average (Hou et al., 2023), and rapid urbanization has 
driven the development of complex urban engineering 
systems. In these systems, surface structures, under‐
ground spaces, transportation networks, and energy 
facilities are intricately connected through geotechnical 
bodies and the environment. Such systems provide 
physical support for city operations, ensure proper func‐
tioning of urban activities, promote economic and social 

development, and improve the environment in which 
humans live. However, the growing density of cities 
and aging infrastructure have created strong interde‐
pendencies and complex co-evolution phenomena 
among urban engineering projects. As a result, a failure 
or malfunction in one project can rapidly spread to 
interconnected projects and potentially the entire sys‐
tem, posing significant threats to the stability and sus‐
tainability of a city. For instance, in Zhengzhou, China, 
on July 20, 2021, there was an extreme rainfall which 
reached 201.9 mm/h. The local drainage system, which 
was designed for a once-in-50-year event, could only 
handle 32% of this rainfall rate. Consequently, the rain‐
fall formed torrents that posed a danger to other urban 
engineering projects, leading to severe road damage, 
traffic disruptions, and catastrophic failures in under‐
ground spaces. The situation was also exacerbated by 
delayed emergency responses, imprecise measures, and 
a lack of unified command, ultimately resulting in 380 

Research Article
https://doi.org/10.1631/jzus.A2400522

* Duanyang ZHUANG, zhuangdy@zju.edu.cn

 Duanyang ZHUANG, https://orcid.org/0000-0002-5431-0691

Received Nov. 10, 2024; Revision accepted May 26, 2025; 
Crosschecked Nov. 11, 2025; Online first Dec. 30, 2025

© Zhejiang University Press 2025

https://crossmark.crossref.org/dialog/?doi=10.1631/jzus.A2400522&domain=pdf&date_stamp=2025-11-11


|    J Zhejiang Univ-Sci A   2025 26(12):1229-1243

fatalities and direct economic losses amounting to 40.9 
billion CNY (Zhang GR et al., 2022; Li et al., 2023). 
Similar incidents in other cities have highlighted the 
urgent need to address such systemic vulnerabilities.

Traditional urban engineering design, construc‐
tion, and maintenance primarily focus on individual 
projects, thus neglecting urban engineering systems 
and lacking comprehensive system-level optimization. 
Therefore, the systemic urban vulnerability tends to 
increase, leading to issues such as disaster misman‐
agement, carbon emission imbalances, and pollution 
disorders. To specify, disaster mismanagement refers 
to the increased intensity and frequency that urban 
engineering projects are facing from natural and human-
made disasters, making it difficult to prevent and miti‐
gate the induced damage (McGlade et al., 2019). Car‐
bon emission imbalances are characterized by envi‐
ronmental degradation in dense urban areas and aging 
districts, as a result of uncoordinated and excessive 
carbon emissions during construction, renovation, and 
maintenance projects (Chen X et al., 2020; Wang et al., 
2022). Pollution disorders refer to increasingly com‐
plex and unmanageable pathways of pollution in high-
density urban engineering projects, which result in a 
heightened risk of environmental deterioration (Tang 
et al., 2022).

To address the challenges above, it is imperative 
to promote sustainable construction and operation in 
the context of urban engineering systems. The aim is to 
meet contemporary urban functional needs without com‐
promising the quality of life or resource demands of 
future generations, while meeting constraints of specific 
urban resources (Ding et al., 2016). By prioritizing sus‐
tainable development in urban engineering systems, 
impacts from potential disruptions can be mitigated, 
thereby enhancing long-term system performance. A 
comprehensive assessment of current research in the 
urban engineering system sustainability is fundamental 
to achieving these goals, as it would help identify criti‐
cal engineering projects that require protection and en‐
able improved allocation of limited resources across 
various subsystems. However, current research on urban 
sustainability assessment mainly focuses on economic, 
social, and ecological aspects, with few studies address‐
ing sustainability assessment indicators for urban engi‐
neering systems (Sharifi, 2021). Moreover, since the 
factors influencing urban sustainability are multidimen‐
sional, it remains uncertain how factors interrelate and 

which factors operate independently. Thus, there is an 
urgent need for multi-scale and multidimensional re‐
search to develop a system of sustainability assessment 
indices. This would help decision-makers monitor and 
evaluate the operational status of urban engineering 
systems, and provide metrics for policy-makers to eval‐
uate strategies for enhancing sustainability.

This study focuses on the components and char‐
acteristics of high-density urban engineering systems 
that impact sustainable development. By reviewing 
current research on urban engineering system sustain‐
ability assessment, shortcomings in existing assessment 
frameworks are identified, and a novel configuration 
of sustainability assessment indicators for urban engi‐
neering systems is proposed. This is subsequently ap‐
plied for empirical analysis of six Chinese megacities: 
Tianjin, Hangzhou, Shanghai, Wuhan, Chongqing, and 
Shenzhen. This application is performed to validate the 
proposed assessment methodology and provide recom‐
mendations for enhancing urban engineering system 
sustainability in these particular cities.

2 Overview of urban engineering systems 

2.1 Components of urban engineering systems

Systems science categorizes systems into simple 
systems, simple giant systems, and complex giant sys‐
tems based on the level of complexity, which includes 
the number and types of subsystems, the complexity 
of the relationships among subsystems, and structural 
differences (Qian et al., 1993). We posit that an urban 
engineering system is an open, complex, and giant 
system composed of multiple subsystems with specific 
functions. These subsystems interact continuously 
through the geotechnical environment, exchanging 
materials, energy, and information, and collectively 
forming the physical foundation of a city. Urban engi‐
neering systems can be divided into functional build‐
ing system, underground space system, and infrastruc‐
ture based on their constituent elements. Functional 
building system and underground space system pro‐
vide space for human habitation and productive activi‐
ties, while infrastructure supplies the necessary energy 
and materials for societal operations. Infrastructure 
can be further subdivided into six subsystems based 
on functional characteristics. These components are 
summarized in Table 1.
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2.2 Characteristics of urban engineering systems

As an open complex giant system, the urban 
engineering system exhibits numerous characteristics, 
among which the most important are coupling, open‐
ness, and dynamicity. Various characteristics compli‐
cate evaluating the sustainability of these systems, 
necessitating the establishment of a comprehensive mul‐
tilevel evaluation and management methodology. Since 
scientific evaluation methods are often the basis for 
decision-making and management, the current chal‐
lenge is how to effectively assess the urban engineer‐
ing system sustainability and provide guidance for 
efficient synergistic operation during renewal and main‐
tenance of such systems.

2.2.1　Coupling

As cities become denser and more modernized, 
coupling relationships between the above components 

have become increasingly complex (Fig. 1). The geo‐
technical environment leads to various urban engineer‐
ing projects being tightly coupled and working syner‐
gistically at a physical level. Moreover, the couplings 
generated by functional coordination between different 
subsystems further expand the scope of impact, form‐
ing a large-scale spatiotemporal coupling mechanism 
(Li et al., 2022). When a single subsystem experiences 
a disturbance, such coupling mechanisms can amplify 
or generate new effects, creating a complex chain of 
cascading failures. This results in disturbances gradu‐
ally spreading from smaller to larger urban areas, ulti‐
mately leading to significant vulnerabilities in terms 
of resilience, carbon emissions, and ecological impact.

From the perspective of resilience, increased 
coupling heightens the risk of complex emergencies. 
When a single aspect of an urban engineering system 
encounters a disaster or malfunction, the resulting func‐
tional failures often trigger cascading effects, causing 

Table 1  Components of urban engineering systems

Constituent element
Infrastructure

Functional building system

Underground space system

Energy facility system

Water supply and drainage system

Communication system

Disaster prevention and mitigation system

Environmental facility system

Transportation system

Specific composition

Power supply system, heating system, etc.

Water supply system, sewage system, etc.

Postal system, broadcast television system, etc.

Fire protection system, emergency system, etc.

Greening system, waste recycling system, etc.

Road system, shipping system, etc.

Residential buildings, public buildings, etc.

Underground buildings, utility tunnels, etc.

Fig. 1  Conceptual framework of urban engineering system sustainability. References to color refer to the online version 
of this figure
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continuous propagation of losses that are difficult to 
predict (Ouyang, 2014). Both natural disasters (e.g., 
typhoons or earthquakes) and man-made disasters (e.g., 
terrorist attacks or industrial accidents) can trigger 
cascading failures. For example, when typhoon Hato 
landed in Macau, China, on August 23, 2017, the high 
proportion of land used for construction significantly 
increased the vulnerability of the local urban engineer‐
ing system (Lin and Li, 2022). Therefore, the level-14 
typhoon immediately caused seawater to backflow, lead‐
ing to widespread flooding and power outages. The 
failures of the local drainage system and energy system 
quickly resulted in cascading collapses of communica‐
tion and transportation facilities, causing underesti‐
mated human casualties and economic losses (Chow 
et al., 2019).

From the perspective of low-carbon development, 
varying construction times and lifecycles of individual 
projects, which are strongly coupled through the geo‐
technical environment, often complicate the understand‐
ing of performance evolution over the lifespan of dense 
urban engineering projects. This can significantly in‐
crease the difficulty of synergistic operation and main‐
tenance of multi-stage urban projects. Currently, the 
service performance of densely constructed areas in 
China tends to be poor, and urban engineering carbon 
emissions account for a high proportion of total city 
carbon emissions. For instance, Shanghai’s per capita 
CO2 emissions (11.9 t) in 2019 were significantly higher 
than those of other major international cities such as 
London (9.6 t) and Tokyo (4.89 t) (Ji et al., 2023), with 
construction and transportation operations accounting 
for 25% of the total energy-related carbon emissions 
(Huang et al., 2019; Tian et al., 2024). This highlights 
the need for synergistic updates that promote energy 
conservation and carbon reduction.

From the perspective of ecological impact, cou‐
pling increases the vulnerability of the urban ecological 
environment. Failures in various urban engineering 
projects often lead to the spread of pollutants, result‐
ing in complex pollution sources and emission path‐
ways and ineffective regulation of urban groundwater 
and soil pollution. For example, since systemic effects 
were not properly considered in early urban planning, 
municipal pipelines are often shallowly buried and 
chaotically arranged. This can lead to sewage leaks 
during long-term service, causing uneven stress in 
nearby pipelines and chain leakage (Wang et al., 2021). 

Statistics show that China’s current sewage pipeline 
network has a chemical oxygen demand (COD) pene‐
tration rate of 66%, meaning over half of the pollut‐
ants enter the groundwater and soil through pipeline 
leaks (Cao et al., 2019).

Urban engineering systems also exhibit coupling 
relationships and feedback mechanisms across the 
above dimensions, with a failure in any dimension 
potentially triggering cascading failures in others. For 
example, if an urban engineering system is inade‐
quately resilient to an earthquake, it could lead to leaks 
in pipelines, septic tanks, pumping stations, and waste‐
water treatment facilities (Wells et al., 2013), causing 
pollution and negatively affecting the system’s eco‐
logical status.

2.2.2　Openness

The formation and evolution of urban engineer‐
ing systems follow similar laws as living systems, 
where individual and group evolutions are achieved 
via constant material and energy exchange with the 
outside world (Shi et al., 2021). The operation and 
development of all subsystems are influenced by 
external factors, including climate conditions, natural 
environmental changes, international political and eco‐
nomic dynamics, national and regional policies and 
laws, population movements, cultural exchanges, and 
the flow of information. This openness necessitates 
that a single urban engineering system should effec‐
tively exchange and aggregate resources with other sys‐
tems. For example, urban infrastructure must comply 
with international environmental agreements like the 
Paris Agreement on climate change, which requires 
cities to reduce greenhouse gas emissions and transi‐
tion toward renewable energy sources (Kılkış, 2022); 
this might include upgrading the transportation system 
to promote public transit and cycling, retrofitting build‐
ings for improved energy efficiency, and implementing 
sustainable waste management practices.

The openness of urban engineering systems in‐
troduces additional complexity into urban engineering 
design, construction, and maintenance. External fac‐
tors may lead to profound and unpredictable impacts 
on system functionalities, thus requiring the system to 
be robust in all dimensions. Consequently, it is neces‐
sary to build a comprehensive evaluation system that 
can quantify how different factors may influence the 
system’s sustainability.
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2.2.3　Dynamicity

Urban engineering systems are constantly evolv‐
ing in response to both internal developments and 
external changes. By undergoing continuous transfor‐
mations influenced by technological advancements, 
policy shifts, environmental changes, and social dy‐
namics, engineering projects may ultimately serve a 
different purpose from what was envisioned (Guma, 
2022). The dynamicity of urban engineering systems 
adds complexity, necessitating top-level designs that 
are both scalable and adaptable. Scalability ensures that 
the system can adjust its capacity to meet changing 
demands, while adaptability allows it to modify func‐
tionalities to address new challenges. For example, the 
integration of renewable energy technologies into exist‐
ing power grids necessitates systems that can accom‐
modate variable inputs without compromising stability.

In order to effectively manage dynamicity, it is 
essential to develop a comprehensive evaluation system, 
which can monitor and evaluate the performance of 
urban engineering systems amidst continuous change. 
Such an evaluation system would enable governments 
to assess how well urban engineering systems are re‐
sponding to growing or changing demands, and how 
their functionalities need to be modified to meet new 
challenges.

3 Research status on urban engineering 
system sustainability assessment 

3.1 Origin of the urban sustainability concept

The concept of sustainable development first ap‐
peared in 1987 in the United Nations report entitled 
“Our Common Future” (WCED, 1987). It was defined 
as “the ability to meet the needs of the present without 
compromising the ability of future generations to meet 
their own needs” (Mebratu, 1998). This definition has 
since become a new reference point in environmental 
science research. The Earth Summit held in Rio de 
Janeiro, Brazil, in 1992 introduced 27 principles to 
guide global sustainable development, marking another 
milestone (Kori and Gondo, 2012). Since then, the 
concept of sustainable development has been incorpo‐
rated into international treaties, national constitutions, 
and the laws of various countries (Luke, 2005; Redclift, 
2005), serving as a conceptual framework for address‐
ing issues in business (Amran et al., 2015), agriculture 

(Zhang HR et al., 2022), industry (Mayyas et al., 2012), 
and urban development (Ahern, 2013).

In the 21st century, with the intensification of cli‐
mate change and environmental issues, the concept of 
urban sustainability has evolved further. The United 
Nations General Assembly’s 2015 adoption of the 
“2030 Agenda for Sustainable Development” specifi‐
cally calls for the creation of inclusive, safe, and disaster-
resilient sustainable cities, introducing new ideas for 
urban development (Kumar et al., 2016). Subsequently, 
researchers have undertaken extensive work to inves‐
tigate potential strategies that further this goal. This has 
included the widely adopted concept of urban resil‐
ience, which has been applied in areas such as disas‐
ter impact simulation, infrastructure risk assessment, 
and urban function loss prediction (Glaeser, 2022).

3.2 Research on urban engineering system 
performance evaluation

Currently, scholars have developed distinctive 
urban engineering performance evaluation systems 
based on different theoretical frameworks. Such eval‐
uation systems can be analyzed from the following 
perspectives:

(1) From the perspective of evaluation objects, 
existing performance evaluation systems are primarily 
divided into two categories: evaluations of individual 
urban engineering subsystems and evaluations of inter‐
connected urban engineering subsystems. The former 
focuses on examining specific subsystem performance 
indicators in detail, providing a basis for targeted 
improvements. For example, Mahmoud et al. (2022) 
utilized a generic sustainability rating tool within a 
multi-objective optimization model to evaluate and 
enhance surface building sustainability, focusing on 
life cycle cost and sustainability trade-offs. However, 
this type of evaluation tool overlooks the risk of cas‐
cading failures due to coupling between different 
subsystems, leading to the potential overestimation of 
subsystem performance and the creation of unsafe 
biases in engineering design and maintenance.

Evaluation systems that target interconnected 
urban engineering subsystems focus on the relationships 
among subsystems and evaluate the overall perfor‐
mance by analyzing failure risk evolution mechanisms. 
For instance, Wang et al. (2012) developed a frame‐
work to assess the vulnerability of power and water 
supply systems, and proposed system design strategies 
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based on multiple indicators. Although such an evalu‐
ation system does consider the coupling features be‐
tween subsystems, it only covers certain types of engi‐
neering projects and overlooks the mediating role of 
the geotechnical environment. Additionally, due to the 
high cost of simulating complex coupling issues, some 
studies ignore implicit logical relationships between 
indicators and treat indicators as independent (Bi and 
Little, 2022).

(2) From the perspective of evaluation dimensions, 
existing evaluation systems explore multiple aspects, 
including resilience (Blagojević et al., 2023), carbon 
emissions (Yang PJ et al., 2022), ecology (Zhang HR 
et al., 2022), economics (Sun et al., 2017), and social 
impacts (Yang ZY et al., 2022). While these studies 
provide field-specific insights, they fail to comprehen‐
sively consider performance couplings and feedback 
mechanisms between different dimensions. This limits 
the precise enhancement of system functions and makes 
it challenging to achieve optimal renewal and mainte‐
nance of high-density urban engineering systems. Estab‐
lishing systematic assessment dimensions is crucial for 
evaluating sustainability, as focusing on a single dimen‐
sion may compromise sustainability in others.

(3) In terms of evaluation frameworks and meth‐
ods, existing studies can primarily be divided into three 
types: The first type is based on qualitative analysis, 
utilizing expert opinions, case studies, and literature 
reviews to explore and understand various phenomena 
and trends within urban engineering systems, and to 
propose countermeasures. For example, Jiang and Tan 
(2022) analyzed 378 cases of underground infrastruc‐
ture failures related to heavy rainfall, summarizing gen‐
eral features affected by drainage facility performance, 
climate conditions, and engineering geology. While 
such qualitative analysis does offer a deep understand‐
ing of research issues, it is highly subjective and diffi‐
cult to verify as statistically significant.

The second type of evaluation system is based on 
quantitative analysis, which estimates objective vari‐
ables through data and statistical methods (Shin et al., 
2018). The main methods of this group include sce‐
nario analysis (Silva et al., 2018), model simulation 
(Leng et al., 2020), and system performance curves 
(Bao et al., 2020; Yang et al., 2021). Due to the spatial 
network characteristics of urban engineering systems, 
network-based modeling methods are commonly used 
in analyzing disaster damage and recovery progress. 

For example, Zhang et al. (2018) proposed an evalua‐
tion framework for probabilistically predicting the func‐
tional loss of community buildings after earthquakes; 
the progression of urban building functionality failure 
was calculated by quantifying post-earthquake func‐
tional losses in the topology of water and electricity 
infrastructure. Also, Liu et al. (2020) calculated changes 
in greenhouse gas emissions before and after the 
implementation of green infrastructure, successfully 
assessing the contribution of green infrastructure to 
low-carbon urban drainage systems and the city over‐
all. Quantitative analysis offers objective conclusions, 
but places higher demands on quantitative verification 
methods, which must be researched in greater depth.

The third type is based on semi-qualitative and 
semi-quantitative analysis, which mainly involves the 
use of indicator systems (Moslem et al., 2020). Because 
of the low empirical and technical requirements, this 
approach has been used to develop a range of self-
service performance evaluation tools (Reed et al., 
2009), such as the building research establishment 
environmental assessment method (BREEAM) (Umdu 
et al., 2021), and the population and demographics, 
environmental/ecosystem, organized governmental ser‐
vices, physical infrastructures, lifestyle and commu‐
nity competence, economic development, and social-
cultural capital (PEOPLES) urban resilience evaluation 
system (Cimellaro et al., 2016). However, limitations 
arise from the strong subjectivities involved in indica‐
tor scoring and standard setting for such methods. 
Currently, there is no unified method for quantifying 
urban engineering system sustainability in terms of 
statistical indicators. Additionally, since existing evalu‐
ation frameworks have mainly been established in 
developed countries, some of these indicators fail to 
integrate with the setting in China.

Overall, research on the evaluation of urban engi‐
neering system sustainability is still in the exploratory 
stage. Although the existing evaluation systems enable 
performance assessment of certain subsystems based 
on different research backgrounds, there is still a lack 
of a comprehensive evaluation system covering vari‐
ous subsystems and different dimensions.

3.3 Validation of urban engineering system 
performance indicators

Limited by the complexity of urban engineering 
systems, traditional experimental methods under normal 
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gravity are insufficient for simulating performance 
evolution on the scale of a city (Chen YM et al., 2020). 
Additionally, due to the scarcity of real data on such 
performance changes, existing sustainability assess‐
ments of urban engineering systems have not been 
practically validated. Hypergravity physical simulation 
is a revolutionary engineering tool currently address‐
ing these challenges, which can replicate the evolution 
of multiphase media over large scales and long dura‐
tions; it operates under normal gravity in a laboratory 
scale, and within an observable time frame (van Loon 
et al., 2008; Chen et al., 2022).

Western countries have taken early initiatives to 
study hypergravity physical simulations of urban engi‐
neering system coupling mechanisms. In 1991, the 
U.S. Army Corps of Engineers built the world’s largest 
capacity centrifuge (1200 g·t) (g represents the gravi‐
tational acceleration) at that time (Ledbetter et al., 
1991), which has been used to simulate the dynamic 
responses of geotechnical infrastructure under seismic 
or explosive conditions, as well as the long-term migra‐
tion of contaminants in the environment. This centri‐
fuge has successfully simulated the internal flooding 
disaster chain observed in New Orleans, Louisiana, 
during hurricane conditions (Ubilla et al., 2008; Blume 
et al., 2009). However, the current capacity of hyper‐
gravity centrifuges in China is insufficient, limiting the 
modeling of complex scenarios, intelligent renewal, 
and maintenance of urban engineering systems. There 
is thus an urgent need to develop similar large-scale 
spatiotemporal simulation devices.

4 Urban engineering system sustainability 
evaluation indicators 

4.1 Selection of evaluation indicators

Since urban engineering system sustainability is 
a multidimensional issue, the most challenging task is 
the choice of evaluation indicators. To address this 
complexity, the indicators chosen in this study were 
rigorously screened through bibliometric analysis, 
which examined existing evaluation indices of differ‐
ent subsystems. Meanwhile, in order to incorporate the 
openness and dynamicity of urban engineering systems, 
the selected indicators were grounded in quantifiable 
and standardized statistical variables. This enables the 
capture of temporal variations in urban evolution while 

ensuring applicability across cities of varying scales. 
Meanwhile, statistical variables with insufficient data 
were removed or replaced.

A set of typical indicators and their correspond‐
ing statistical variables are summarized in Section S1 
of the electronic supplementary materials (ESM), and 
the attributes indicate whether the given variable 
enhances (+) or diminishes (−) the urban engineering 
system sustainability. The indicators were selected 
based on the subsystems defined in Section 2.1, and 
could be considered as a detailed description of differ‐
ent cities’ resilience (32 indicators), low-carbon devel‐
opment (17 indicators), and ecological impact (17 
indicators). Indicators in the resilience dimension were 
prioritized to quantify system robustness against dis‐
ruptions, reflecting the capacity to maintain critical 
services during crises; indicators in the low-carbon 
development dimension were chosen to reflect sus‐
tainability transitions that align urban growth with 
emission reduction targets; indicators in the ecological 
impact dimension were selected to monitor environ‐
mental feedback to engineering operations.

4.2 Indicator weight calculation method

The evaluation indicators are weighted to signify 
their importance, with common weighting methods 
being divided into subjective and objective approaches. 
In this study, the subjective and objective weights were 
calculated by the decision-making trial and evaluation 
laboratory (DEMATEL)-based analytic network pro‐
cess (DANP) method and the entropy weight method 
(EWM), respectively. The integrated weights were then 
calculated using the maximizing deviation method 
(MDM). The calculation process of the evaluation 
indicator system is illustrated in Fig. 2.

Fig. 2  Schematic flowchart of the methodology
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4.2.1　Subjective weight calculated by the DANP

Subjective weighting plays a critical role in sus‐
tainability assessments, as it captures expert insights 
into systemic priorities and interdependencies. Tradi‐
tional methods like analytic hierarchy process (AHP) 
assume unidirectional hierarchical relationships among 
criteria (Nefeslioglu et al., 2013), and fail to address 
feedback loops or bidirectional influences that are 
prevalent in complex urban engineering systems. Al‐
though the analytic network process (ANP) partially 
resolves this problem by accommodating network-like 
interactions, its reliance on pairwise comparisons alone 
often leads to oversimplified causal structures, as well 
as computational intractability in large-scale systems 
(Liu et al., 2022). Therefore, in order to express the 
coupling relationships among selected indicators, 
the DANP was employed to calculate the subjective 
weights. The DANP is a decision support tool that can 
reveal relationships and interdependence between vari‐
ous subjects, so as to facilitate problem-solving. By 
utilizing graph theory and matrix tools to quantify the 
direct and indirect relationships between indicators, the 
DANP can calculate the cause-and-effect relationship 
of each factor and convert the relationships among the 
factors into a structural model that enables visual rep‐
resentation of the interdependencies (Jiang et al., 
2022). Referencing the research of Lin et al. (2022), 
five experts from the field of urban engineering con‐
struction were invited to participate in a survey that 
collected their assessments of the direct impact levels 
between evaluation indicators. The constructed evalu‐
ation system network hierarchy and the main steps of 
the DANP are described in Section S2 of the ESM.

4.2.2　Objective weight calculated by the EWM

Objective weighting is essential to counterbalance 
expert subjectivity and enhance the credibility of the 
evaluation system. To accurately differentiate evalua‐
tion objects and maximize the informational value of 
indicators, the EWM was used to determine the objec‐
tive weights. Referencing the research of Luo et al. 
(2020), higher weights were assigned to indicators with 
greater data variability, with the goal of quantifying the 
uncertainty of each indicator.

4.2.3　Integrated weight calculated by the MDM

Combined weighting is critical for reconciling the 
strengths of expertise and data variability, ensuring a 

balanced evaluation framework that mitigates the 
biases inherent in standalone methods. Therefore, the 
MDM was employed to optimize weight integration 
by maximizing the total deviation across evaluation 
objects. By formulating a constrained optimization 
problem to autonomously determine integration coef‐
ficients, this method preserves the causal nuances of 
DANP, while prioritizing entropy-driven disparities. 
The specific calculation steps can be referenced from 
Yi et al. (2019).

5 Empirical analysis 

5.1 Selection of evaluation cities

A city cluster refers to a compact urban agglom‐
eration centered around a megacity and includes at least 
three large cities or metropolitan areas connected by 
transportation and communication networks. Currently, 
China has five major city clusters: Beijing–Tianjin–
Hebei, Yangtze River Delta, Middle Yangtze, Chengdu–
Chongqing, and the Pearl River Delta (Tao et al., 2019). 
To comprehensively explore sustainability differences 
within China, six megacities from these clusters were se‐
lected to carry out an empirical analysis: Tianjin, Hang‐
zhou, Shanghai, Wuhan, Chongqing, and Shenzhen.

It is worth noting that the urban engineering 
system sustainability discussed in this paper is limited 
to normal city operation scenarios, but the same meth‐
ods could also be applied to analyze extreme disaster 
scenarios or other special circumstances.

5.2 Data sources and pre-processing

The data used for each indicator variable mainly 
came from the China City Statistical Yearbook, China 
Urban Construction Statistical Yearbook, China Energy 
Statistical Yearbook, China Statistical Yearbook on 
Environment, National Economic and Social Develop‐
ment Statistical Bulletin, the website of the National 
Bureau of Statistics, Statistics Yearbooks of selected 
prefectural cities, and official documents recognized by 
relevant governmental departments. The sample period 
was 2021, and missing data were filled in through linear 
interpolation of historical data.

To eliminate the differences in magnitude, size, 
and range between indicators, all data were scaled from 
0 to 1 through normalization to ensure that different 
indicators can be compared straightforwardly.
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5.3 Results and analysis

5.3.1　Calculation results of indicator weights

Taking power supply stability (A11) as an example 
to illustrate the calculation process of indicator weights, 
A11 obtained subjective and objective weights of 
0.0194 and 0.0110 through the DANP and EWM, re‐
spectively, indicating that the integrated weight con‐
straints range from 0.0110 to 0.0194. To maximize 
the variance of scores among evaluation objects while 
meeting the normalization constraint of all indicator 
weights, the calculated integrated weight for this indi‐
cator was 0.0194. Other indicator weights were simi‐
larly calculated, and the results are listed in Section S3 
of the ESM.

5.3.2　Reliability validation

A reliability test of the evaluation system was 
conducted using the Cronbach’s alpha (α), which is a 
common means of assessing reliability. It works by 
comparing the amount of shared variance among the 
items making up an instrument to the amount of overall 
variance. α typically ranges from 0 to 1, with values 
closer to 1 indicating higher reliability of the evaluation 
results (Pinto et al., 2014). The overall α for the evalu‐
ation results is 0.8811, demonstrating that the con‐
structed evaluation system reliably, consistently, and 
stably reflects the performance of each evaluation ob‐
ject regarding urban engineering system sustainability.

5.3.3　Evaluation results for different subsystems

Based on the established evaluation system and 
normalized data, the sustainability scores for each eval‐
uation object were calculated. The ranking results for 
the overall system and the individual subsystems are 
shown in Fig. 3, and the explanation of evaluation 
systems A–H is listed in Section S1 of the ESM.

Shenzhen leads in five out of eight subsystems, 
exhibiting strong sustainability synergies. For instance, 
Shenzhen’s low-carbon public transport scale (F22) 
reduces reliance on fossil fuels and lowers energy inten‐
sity (A22). Meanwhile, Shanghai dominates the disas‐
ter prevention and mitigation system (D) and the func‐
tional building system (G). In contrast, Chongqing and 
Tianjin show weaker performance; the reasons for this 
can be attributed to: the coupling characteristics inevi‐
tably trigger cascading risks, the openness characteris‐
tic amplifies systemic vulnerability across different 

regions, and the dynamicity characteristic increases 
uncertainty during system operations. For instance, 
Tianjin’s inefficient construction industry resource uti‐
lization (G21) intensifies the energy intensity (A22) and 
worsens air pollution control (E32); it also increases 
resource dependency on other cities.

5.3.4　Evaluation results across different dimensions

The normalized scores for each city across differ‐
ent dimensions are displayed in Fig. 4. The results 
reveal a significant disparity in overall evaluation 
scores: Shenzhen and Shanghai attain the highest scores 
(0.6343 and 0.6032, respectively), while Chongqing 
and Tianjin demonstrate lower performance (0.3399 
and 0.3219, respectively). Notably, Shanghai’s top 
resilience score (0.3357) is directly attributed to its 
leading performance in the disaster prevention and 
mitigation system (D), since this means the city has 
strong adaptation to uncertainties from the dynamicity 
characteristic.

Fig. 3  Evaluation results ranking the different subsystems. 
References to color refer to the online version of this figure

Fig. 4  Evaluation scores across different dimensions
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Performance imbalance is also found across dif‐
ferent dimensions within the same city. For example, 
Shanghai ranks second overall, but first in the resil‐
ience dimension, which is likely due to the different 
attention given to various dimensions during city policy 
formulation.

5.3.5　Enhancement measures and recommendations

As described in Section S3 of the ESM, the geo‐
logical disaster forecast accuracy (D12) and mobile 
communication assurance (C13) are the most critical 
indicators affecting urban engineering system sustain‐
ability, with their integrated weights being 0.0264 and 
0.0243, respectively. In contrast, the road traffic con‐
nectivity (F11) and internet transmission efficiency 
(C21) rank as the lowest indicators, with integrated 
weights of 0.0093 and 0.0087, respectively.

For specific cities, it is essential to analyze sus‐
tainability in different subsystems and dimensions of 
each urban engineering system. Taking Hangzhou as an 
example, its overall ranking among the selected cities is 
third, but its rankings across all subsystems are 3, 3, 4, 
2, 4, 2, 2, and 1, respectively, indicating that Hangzhou 
currently places a high priority on the development of 

the underground space system (H). However, improve‐
ments should be made in the sustainability of its com‐
munications system (C) and environmental facilities 
system (E); some of these improvements might include 
implementing stricter electromagnetic radiation man‐
agement measures, enhancing broadband network as‐
surance, and strengthening environmental protection 
efforts. Hangzhou’s ranking across different dimensions 
is uniformly third, indicating a balanced development 
across all dimensions.

As shown in Fig. 5, a comparative analysis be‐
tween Hangzhou and Wuhan was conducted based on 
the scores of all indicators. There are notable differ‐
ences in indicators between the selected cities: Hang‐
zhou has significant advantages in pipeline network 
safety (B11), emergency resettlement (D13), green 
building development (G31), and underground space 
utilization (H21). On the other hand, Wuhan performs 
better in water supply stability (B12), internet trans‐
mission efficiency (C21), environmental risk manage‐
ment (E12), and construction industry efficiency (G11). 
Comparative analyses are beneficial for cities to learn 
from each other and avoid implementing “one size 
fits all” policies. For example, Hangzhou could learn 

Fig. 5  Indicator scores of Hangzhou and Wuhan
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from Wuhan’s expertise in pipeline network modern‐
ization and industrialized construction techniques in 
order to enhance water infrastructure resilience and 
resource efficiency, while synergizing these advance‐
ments with its own strengths in underground space 
utilization to improve urban sustainable development.

6 Discussion 

6.1 Analysis of indicator coupling relationships

To further explore the interdependencies among 
the indicators, the influential relationships and causal 
effects of all indicators within each layer were calcu‐
lated in the DANP method. The row sum vector d 
(with elements di) and the column sum vector r (with 
elements rj) are derived from the total influence rela‐
tion matrix, and the elements can be expressed by the 
following equations:

di =∑
j=1

n

tij     i=1 2 … n (1)

rj =∑
i=1

n

tij     j=1 2 … n (2)

where tij is an element of the total-relation matrix and 
represents the total direct and indirect influence from 
indicator i to indicator j; di measures the total influ‐
ence exerted by indicator i on all indicators; rj denotes 
the total influence received by indicator j from all 
indicators. The prominence values (di+rj) are subse‐
quently calculated to reveal the overall importance of 
each criterion in the system, while the relationship 
values (di−rj) show the net causal effect. Positive rela‐
tionship values indicate a “cause” indicator and nega‐
tive values indicate an “effect” indicator.

However, it should be acknowledged that the 
interaction mechanisms among high-density urban 
engineering projects are complex. The DANP employed 
in this study provides a subjective simplification of 
these interactions, which may not capture all the intri‐
cacies of the real-world system.

6.1.1　System layer

Fig. 6 shows the influential network relation map 
created based on the prominence and relationship of 
each subsystem.

The results of the DANP reveal that the under‐
ground space system (H) has the highest prominence 

value, indicating that efficient utilization of underground 
spaces can significantly promote the sustainable devel‐
opment of urban engineering systems. On the contrary, 
the environmental facility system (E) has the lowest 
prominence value, likely because impacts from failures 
in environmental facilities usually take a long time to 
become apparent.

Relationship values categorize indicators into 
cause-and-effect classes. The disaster prevention and 
mitigation system (D), which has the highest relation‐
ship value, exerts the strongest influence on other sub‐
systems because it determines the city’s capabilities 
in disaster reduction, emergency response, and post-
disaster reconstruction. Conversely, the transportation 
system (F), which has the lowest relationship value, 
shows the weakest impact on other indicators when 
disturbed, as it primarily responds to demands and 
changes in other subsystems.

6.1.2　Indicator layer

Similarly, an influential network relation map for 
the indicator layer index under conventional conditions 
is created, as illustrated in Section S4 of the ESM.

The prominence value for underground space plan‐
ning (H12) is the highest, reflecting the role of under‐
ground spaces in alleviating urban land resource con‐
straints. Conversely, the prominence value for traffic 
noise control (F31) is the lowest, possibly due to the 
complex causes of urban traffic noise and the lack of 
efficient measures to manage such noise.

Weather forecast accuracy (D11) has the highest 
relationship value and exerts the strongest impact on 
other indicators, mainly because of the increasing fre‐
quency of extreme weather events; this enhances the 
risk of unconventional emergencies such as power 
outages, transportation paralysis, and water shortages. 
The relationship value of the construction industry 

Fig. 6  System layer influential network relation map
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efficiency (G11) is the lowest, which is consistent with 
its high dependency on providing construction resources 
to other subsystems.

6.2 Sensitivity analysis

The results of an evaluation system are generally 
related to different types of errors and uncertainties, 
including weighting criteria, data, knowledge of the 
system, and influential expert decisions (Foroozesh 
et al., 2022). Therefore, it is vital to assess the impact 
of uncertainty on the outcomes. To test the robustness 
of the established evaluation system, a sensitivity anal‐
ysis using the one-at-a-time (OAT) method was con‐
ducted. The weight of a single indicator was modified 
by ±10% and ±20%, while other indicators lost pro‐
portional shares to keep the weight sum unchanged. The 
sensitivity analysis results are displayed in Section S5 
of the ESM.

The sensitivity analysis results indicate that the 
evaluation system exhibits different sensitivities to 
alterations of different indicator weights. The highest 
change rate is observed with changes in the weights 
of geological disaster forecast accuracy (D12) and 
heating security (A13), while the lowest change rate 
occurs with weight changes in mobile communication 
coverage (C12) and medical resource integration (D22). 
Despite these fluctuations in indicator weights, the rel‐
ative rankings remained stable, confirming the system’s 
robustness to weighting uncertainties.

6.3 Future research directions

While a systematic approach was employed in 
our proposed evaluation system for urban engineering 
system sustainability, it is important to acknowledge 
that the unavailability of certain statistical data, such 
as maximum load rate on the power grid, fire station 
density, and per-capita carbon emissions from trans‐
portation, has imposed limitations on this study. For 
instance, lacking information on fire station density 
hinders assessment of the city’s preparedness and 
responsiveness to emergencies. Similarly, the absence 
of per-capita carbon emission data from transportation 
impedes the ability to accurately measure the envi‐
ronmental impact and effectiveness of policies aimed 
at reducing emissions. In order to address these data 
limitations, future research should prioritize the col‐
lection and integration of comprehensive datasets that 
encompass a broader range of sustainability indicators. 

Collaborations with government agencies, urban plan‐
ners, and utility companies could facilitate access to 
proprietary or difficult-to-obtain data.

Since this study only considered statistical data in 
2021, future studies should also integrate multi-year 
data to explore how urban engineering system sustain‐
ability evolves. Longitudinal analyses could further 
investigate temporal feedback mechanisms, such as 
whether improvements in low-carbon public transport 
scale (F22) consistently reduce energy intensity (A22) 
or the effect eventually plateaus. Real-time data could 
also complement longitudinal investigations by reveal‐
ing short-term anomalies and adaptive behaviors. There‐
fore, the development of advanced data collection 
technologies, such as internet of things (IoT) sensors 
and real-time monitoring systems, would not only 
resolve current data gaps but also empower predictive 
modelling that aids policy development.

7 Conclusions 

China is presently facing greater vulnerabilities 
in urban engineering systems due to strong coupling in 
the geotechnical environments of densely populated 
areas. However, current urban engineering design, 
construction, and maintenance efforts primarily rely 
on technical specifications and standards developed 
for individual projects, which lack systematic evalua‐
tions of sustainability. This, in turn, poses challenges 
for renewal and maintenance work in high-density 
urban engineering systems. Focusing on the inter‐
connected nature of high-density urban engineering 
systems, we systematically reviewed existing literature 
on urban engineering system performance evaluation 
indicators, selecting 66 indicators reflecting the per‐
formance of urban engineering systems across three 
dimensions: resilience, low-carbon development, and 
ecological impact. The methods of DANP and EWM 
are then used to calculate the subjective and objective 
weights of each indicator, respectively, and accordingly 
construct an urban engineering system sustainability 
evaluation index system. Furthermore, an empirical 
analysis of six Chinese megacities (Tianjin, Hangzhou, 
Shanghai, Wuhan, Chongqing, and Shenzhen) is con‐
ducted. The following findings were obtained:

(1) The proposed evaluation indicator system effec‐
tively quantified the sustainability of urban engineering 
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systems in each evaluated city. Notably, geological 
disaster forecast accuracy and mobile communication 
assurance were identified as the most critical indicators 
influencing urban engineering system sustainability.

(2) Significant imbalances were also observed in 
the comprehensive scores of the selected megacities. 
Shenzhen and Shanghai achieved the highest scores 
(0.6343 and 0.6032, respectively), while Chongqing 
and Tianjin had the lowest (0.3399 and 0.3219, respec‐
tively). Moreover, substantial variations in performance 
across different dimensions were observed within the 
same city, indicating intra-city disparities.
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